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Single tubule perfusion techniques
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Twenty years ago a technique for isolating nephron segments
and perfusing them in vitro was introduced [1]. Since then
hundreds of papers have been published based on results from
the technique. There have been extensive reviews of the
technical details of the procedure [2, 31, its history [41, and of
the results themselves [5, 6]. In this paper we will restrict
ourselves to some general aspects of the technique, namely the
types of information that can he provided, advantages and
limitations, methods for obtaining healthy tuhulcs. design of
experiments, interpretation of results, and new developments
and trends.
To perfuse renal tubules in vitro, they are dissected from the
kidney, one end is connected to a glass micropipet to perfuse
the lumen, and the free end is connected to another micropipet
to collect the perfused fluid. in this fashion the tubule lumen is
effectively isolated from the bath. Fluid is collected during
perfusion at a controlled rate and analyzed to determine differ-
ences in composition compared to the perfusate. From these
results, transport rates and limiting concentration gradients can
be calculated. Electrophysiological techniques can he used to
measure transepithelial and cellular voltages and resistances
[71. The composition of the cells can be measured either during
perfusion with ion sensitive microelectrodes [8] or by chemical
analysis of the tissue after perfusion. Cellular morphology also
can he examined either during perfusion by light microscopy or
after perfusion by fixation for electron microscopy.
Advantages and limitations
There are both advantages and limitations of in vitro perfu-
sion compared to the techniques of clearance and micropunc-
ture. The main difference, which is both an advantage and
limitation, is that all of the different nephron segments arc
studied independently. Thus, the functions of each segment can
be cataloged, the mechanisms involved can be defined, and
control of the functions can he characterized by changing the
conditions of perfusion or the treatment of the animals from
which the tubules were obtained. Because of these possibilities,
in vitro renal tubule perfusion has been widely used for the
study of transport mechanisms in nephrons and their control.
The major advantage is the precision with which the peritubular
and luminal environments of the tubule can be controlled. This
is crucial for studies of transport because it permits simulta-
neous measurements of fluxes and driving forces, allowing
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characterization of the transport mechanisms. While the isola-
tion of a tubule segment in vitro may permit controlled study of
its function, the isolation imposes a significant limitation. Many
important functions of the kidney require the coordinated
action of all parts of the organ. lhis coordination is necessarily
lost when a single segment is isolated. Then, the coordination
must be inferred from the known independent functions of the
different nephron segments, the renal anatomy, and the results
of in vivo clearance and micropuncture studies.
Obtaining healthy tubules
The design of experiments for analyzing nephron function by
in vitro perfusion is critically dependent on stability of the
preparation. Investigators have attempted to find optimal con-
ditions for dissection and perfusion, so that tubules will func-
tion steadily for prolonged periods in vitro. That ideal is not
readily achieved, however, and the practical reality is that
function otlen changes with time .Some hardy segments like
collecting ducts may function apparently normally for many
hours in vitro, hut the steady function of other, more metabol-
ically active segments, like proximal tubules and thick ascend-
ing limbs may be of frustratingly short duration. When a
function wanes in vitro, the cause may be wearing off of the
effect of a controlling influence. The original example of this
was the initial decrease in water permeability of cortical col-
lecting ducts, as the effect of endogenous vasopressin wore off
[91. Discovery of such normal physiological causes of changing
function has unfortunately been the exception, rather than the
rule. More often, when tubule function wanes, we must suspect
that the tubule is deteriorating, a phenomenon that is more
interesting to pathologists than to physiologists. With this in
mind, we and other investigators have invested considerable
effort in defining conditions to prolong the healthy existence of
tubules in vitro. 'I'he major reasons that have been discovered
for deficient or transient function of tubules in vitro are un-
healthy animals and damage to the tubules occurring during the
procedures used to isolate them.
Rabbit renal tubules have been used for many experiments
because they are relatively easy to dissect. Even with rabbits,
however, renal infection can greatly impair dissection and could
conceivably affect tubule function in vitro, as well. Although
many pathogens may be involved, a common one is the
microsporidian parasite Noseina cuniculi, which apparently is
endemic in the stocks of commercial breeders. The problem is
serious enough so that many investigators go from supplier to
supplier, hoping to get from each vendor animals whose kid-
neys are not so scarred as to be undissectable. Sources of
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"good" animals have been widely treasured and utilized, but
unfortunately have not lasted. There obviously have been
enough good animals obtained to result in many completed
studies. A number of investigators have encountered so much
difficulty, however, that they have given tip on the technique or
at least on the use of rabbits. One exception, fortunately for us,
is the rabbit colony at the National Institutes of Health. This
small colony was rendered pathogen—free through the use of
modern breeding and isolation techniques. The result is consis-
tently healthy, readily dissectable rabbit kidneys, but at a high
cost. An additional factor long recognized in the veterinary
literature to affect the health of rabbit kidneys is the protein
content of the diet. Standard rabbit chow contains much more
protein than is necessary for normal growth (personal commu-
nication, J. Knapka). The excess protein apparently harms the
kidneys. A rabbit chow containing a much lower protein
content (NIH-09) is used routinely at the National Institutes of
Health.
We have recently begun using rats, rather than rabbits, to
carry out most of our in vitro perfusion studies. Our main
reason was that there is much more knowledge about the
function of the intact kidney in the rat than in the rabbit, based
on micropuncture and other techniques. Comparisons between
in vivo and in vitro data in one species can yield more
meaningful interpretation of both types of data. Unfortunately
renal disease in rats from commercial sources is as widespread
as in rabbits. The practical solution is to use pathogen—free rats
bred inside a strict isolation harrier [101. This has provided
kidneys that can be dissected, albeit with some difficulty, and
has eliminated renal disease as a limiting fuctor in studying
tubules isolated from rats. 'Ihus far, we or others have suc-
ceeded in isolating and perfusing most of the nephron segments
from rats that can he dissected from rabbits, including proximal
straight tubules, thin descending and ascending limbs, medul-
lary and cortical thick ascending limbs, and cortical, outer
medullary and inner medullary collecting ducts.
Another source of difficulty is damage to tubules in the time
between the death of the animals and the dissection of the
tubules. Some tubule segments have high metabolic rates and
deteriorate rapidly when their normal blood supply is cut off
unless some satisfactory substitute for the circulation is pro-
vided. Although comprehensive pathophysiological studies of
tubules during isolation are lacking, two likely causes of cellular
damage arc metabolic depletion and osmotic shock. Therefore.
we have tried to reduce the effects of both.
Rapid chilling of the kidney is one practical way to reduce
metabolism and has been widely used for dissection of rapidly
metabolizing segments, such as proximal tubules and thick
ascending limbs, Removing the kidney and placing it in a cold
solution, however, may not he sufficient. For example, we
found in our initial attempts to dissect and perfuse thick
ascending limbs from rats that only 5 to 10 percent of dissected
tubules were free of obvious cellular damage (unpublished
observations); despite the fact that the kidneys were removed
rapidly from decapitated animals and chilled immediately. The
largest metabolic demand on tubules is the requirement for
energy for transport. Much of the obvious damage to tubules
can be prevented by reversibly inhibiting transport and thus
reducing the demands on metabolism. We found that when
furosemide (which inhibits NaCl transport in thick ascending
limbs) was administered to the rats prior to killing them, many
more tubules (approximately 90%) appeared normal (unpub-
lished observations). When we first dissected proximal straight
tubules from rats, they appeared damaged. Therefore, we began
administering mannitol as an osmotic diuretic and impermeant
solute. Proximal straight tubules from anesthetized rats under-
going mannitol diuresis appeared undamaged (J. Garvin and M.
Knepper, unpublished observations). More recently we found a
simpler method to achieve the same end. We now omit the
mannitol infusion and instead chill the kidneys while the circu-
lation is intact in situ by irrigating the peritoneal space with cold
saline. With this method the perfused proximal straight tubules
now all appear to be undamaged.
Rapid change in osmolality while preparing the tubules for
perfusion is another possible cause of damage, particularly with
inner mcdullary segments. The osmolality of the inner medulla
normally varies directly with the concentration of the urine.
The time course of these changes in osmolality is much slower,
however, than the change that occurs when isolated inner
medullary tissue is initially immersed in a dissection solution of
arbitrary osmolality. There is no 'correct'' osmolality for the
dissection solution. Because of countercurrent multiplication,
the osmolality varies within the medulla, being highest towards
the tip. The steepness with which the osmolality rises and the
maximum value it reaches near the papillary tip depend on the
circulating level of vasopressin and other factors. Thus., any
osmolality chosen for a solution in which to dissect a renal inner
medulla will necessarily differ from the osmolality of most of
the fresh tissue. This may result in osmotic damage to any
dissected tubule that initially had an osmolality very different
from that of the dissection fluid. There are relatively few reports
of studies on tubules from the inner medulla. This may in part
be due to osmotic damage which has limited the availability of
normally functioning tubules. Our approach to the problem of
finding appropriate dissection conditions for inner medullary
segments involves eliminating the medullary osmolality gradi-
ent prior to removal of the kidney from the animal. To do this
we administer furosemide to the animals. This results in a
uniform plasma—like osmolality throughout the medulla. Then,
a dissection solution which has that osmolality approximates
the osmolality in all of the tissue. According to this theory.
administration of any diuretic that washes out the medullary
osmotic gradient should improve the yield of healthy tubules
!'rom the inner medulla. We chose furosemide because it can be
easily administered intraperitoneally and because its effects are
readily reversible.
Experimental design
Even if tubules can he dissected and perfused without dam-
aging them significantly, the experimental results still depend
on the physiological state of the animals and on the conditions
of perfusion. The treatment of the animals before they are killed
and the choice of solutions and other perfusion parameters
critically determine the function of the tubules.
There are no "physiologically correct" bathing and perfusing
solutions for each segment [41. For one thing, the fluid in the
tubule lumen of a particular segment in vivo may vary widely
under physiological conditions. Also, the nature of the solutions
must depend on the purpose of the experiment. If the important
point is to compare the intrinsic properties of different seg-
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ments, then all have to be studied under the same conditions
whether or not they are ever exposed to the same conditions in
vivo. Similarly, when transport systems are being cataloged or
transport mechanisms examined, it is often helpful to use the
identical solution in both the perfusate and bath, although that
condition is never found in vivo. If the purpose is to analyze
exactly the in vivo function of a tubule, it is better to carry out
the study in vivo, because an investigator is unlikely ever to be
able to exactly mimic the in vivo conditions.
In vitro perfusion of renal tubules has been valuable for
discovering what the transport control mechanisms are and how
they operate in each segment. Two different strategies have
been useful, depending on the time course of the control
mechanism. If the time course is rapid enough, the effector can
be added and removed in vitro, in a completely controlled
manner. The effects of many hormones, particularly peptide
hormones and catecholamines, have been demonstrated in this
fashion in vitro. Under such conditions not only can an effect on
transport be studied, but the intracellular chain of events
resulting in the end effect can be analyzed.
The useful life of a tubule in vitro is limited, however, and
generally only control processes with time courses less than a
few hours can be investigated entirely in vitro. If the time
course is slow (for example, occurring over days) control can
still be investigated using another strategy. The animal can be
treated with a given hormone, diet, or change in environment,
and then, after the treatment has had its effect in vivo, a tubule
can be dissected from the anirr al and studied in vitro. This
strategy has been useful for studies of control of acid—base
transport and of the role of corticosteroid hormones in the
control of ion transport. A major limitation is that the effect
which is initiated in vivo may involve secondary processes,
rather than a direct response of the epithelial cells to the
hormone or other independent variable. Furthermore, for such
a strategy to work, the effect of the in vivo treatment must
persist long enough in vitro for it to be detected. The time
required to dissect a tubule, perfuse it, and make the initial
measurement generally is 30 minutes or more, so that if an in
vivo effect disappears more rapidly than that, it is unlikely to be
detected.
Interpretation of results
The motivation for renal physiology experiments includes a
desire to generalize about how the different nephron segments
function in vivo and how these functions are controlled during
normal homeostatic alterations in urinary excretion. In princi-
ple, given the results of in vitro experiments with all of the
nephron segments under enough different conditions, a realistic
model of whole kidney function could be assembled and refined
by comparison to micropuncture and clearance results. This has
not been accomplished, however, and the practical difficulties
remain formidable. The practical limitations include: 1) diffi-
culty in defining the nephron segments and perfusing all of them
in vitro; 2) the problem of choosing realistic perfusion condi-
tions without knowing exactly what the conditions are in vivo;
3) species differences; and 4) the complexities of interactions
between nephron segments in vivo.
Rabbit nephron structure
Juxtamedullary Cortical
Nephron segments
It is convenient to classify the nephron into twelve segments,
as illustrated in Figure 1, and the distinction between those
segments is on sound anatomical and functional grounds [111.
All twelve segments have been studied by in vitro perfusion.
We know a great deal about the longer segments which are
easiest to dissect, such as proximal tubules, thick ascending
limbs, and cortical and outer medullary collecting ducts. We
know little about other segments that are short and difficult to
perfuse, such as distal convoluted tubules and connecting
tubules, and we cannot exclude the possibility that they have
important unknown functions. Also, it is uncertain that all of
the different epithelial cell types and the different nephron
segments that contain them have been identified. As the entire
nephron is studied more completely, cells continue to be
discovered that have a subtly unique morphology, associated
with important functional differences. We anticipate additional
similar distinctions, particularly in the parts of the nephron that
we now lump together under the name of inner medullary
collecting duct.
Realistic perfusion conditions
The solutions used for in vitro perfusion generally are delib-
erately different from what tubules are exposed to in vivo. This
is helpful for defining mechanisms and comparing the intrinsic
properties of different segments, but does not permit exact
definition of the function in vivo. Attempts to mimic in vivo
conditions are problematical in any event, because in vivo
conditions differ from one segment to the next and are not well
defined in most of the kidney. The composition of the tubule
fluid reaching each nephron segment is the integrated result of
transport in earlier segments. The composition is known with
Proximal
Segment I
Segment II
Segment Ill
Thin limbs
Descending
Ascending
Distal
Thick Ascending Medullarv
Limb Cortical
Convoluted
Collecting duct
Connecting Tubule
Cortical
Outer Medullary 11
—------J v/
Inner Medullary 12 V/
Fig. 1. Schematic diagram of the twelve nephron segments found in
rabbit kidney. All have been perfused in vitro. It is not clear, however,
that all of the different segments and cell types have been recognized.
From [191.
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certainty only for the nephron segments that are accessible for
mieropuncture on the kidney surface. The interstitial environ-
ment of the tubules also differs between regions of the kidney,
and its composition is uncertain because it is not practical to
sample it directly. Major differences are known between the
interstitial composition in the cortical labyrinth and inner me-
dulla, but neither is completely defined. The interstitial compo-
sition of the medullary rays and other buried parts of the kidney
can only be guessed. Until the natural environment of the
nephrun segments is better known, it will remain difficult to
recreate realistic conditions in vitro.
Species diffurences
Although renal tubule function has been examined in detail in
only a few species, several significant examples of differences in
function between species have already been found. Evidently,
generalizations should be guarded until more species have been
examined and the species differences are better known. Rabbits
were initially used for most tubule perfusion experiments be-
cause their kidneys were found to be easiest to dissect. Now rat
and mouse tubules are also being perfused routinely and a
number of differences are surfacing. For example, thick ascend-
ing limbs from rabbits were not found to absorb bicarbonate
[12], but thick ascending limbs from rats did absorb substantial
amounts of bicarbonate under the same conditions [131. Major
differences in function have also been found between the
cortical collecting ducts of rats and rabbits. Vasopressin, added
in vitro, stimulated active sodium absorption by rabbit cortical
collecting ducts, but only transiently [14]. After this brief
stimulation, vasopressin profoundly inhibited the sodium trans-
port. in rat cortical collecting ducts, on the other hand, vaso-
pressin caused a sustained stimulation of sodium absorption
[15, 16]. The reason for the inhibition in rabbit cortical collect-
ing ducts is that vasopressin also stimulates the production of
prostaglandins in collecting ducts from that species. It is the
prostaglandins produced in response to vasopressin that inhib-
ited sodium absorption in rabbits, overcoming the direct slim-
ulatory effect of vasopressin on sodium transport [17]. Rat
cortical collecting ducts presumably do not generate prostaglan-
dins following vasopressin or do not respond to prostaglandins
with decreased sodium absorption. In a recent study, sodium
transport by rat collecting ducts did not respond to POE2 added
in vitro [181. These and other species differences point to the
need to study transport in multiple species before generalizing
too widely.
Interactions between nephron segments
The role of kidney tubules in forming the urine cannot be
directly extrapolated from the intrinsic characteristics of the
individual segments. There are at least twelve discrete nephron
segments (Fig. I), each with different transport characteristics.
Net excretion nf a substance under given conditions involves
the combined function of several nephron segments. The ex-
cretion is not, however, determined simply by the linear sum of
the activity of each segment studied individually in isolation.
Thus, a change in the rate of transport in one nephron segment
generally alters transport in other segments, as well. There are
many mechanisms by which transport in one segment affects
transport in the others, including the following.
Altered absorption in one segment results in altered delivery
to later segments, which tnay consequently absorb more or
less, counteracting the original change. Thus, when salt ab-
sorption by proximal tubules was inhibited, delivery to the thick
ascending limbs was found to be increased, and the thick
ascending limbs absorbed more salt, counteracting the original
proximal effect [191.
Transport by one segment may affuct transport in other
segments by altering the interstitial environment that they
share in common. This occurs between the nephron segments
in the inner and outer medulla, and probably also in the
medullary rays [20]. For example, thick ascending limbs ac-
tively absorb NaCI. This results in high interstitial osmolality
which in turn causes water absorption by osmosis from the
descending limb of Henle's loop and collecting duct. Thus,
change in salt transport by thick ascending limbs results in
altered water absorption by other segments. Another example
involves the finding that thick ascending limbs absorb ammo-
nium [13], which results in the accumulation of ammonium in
the medullary interstitium by countercurrent multiplication
[21]. Accumulation of total ammonia (NH44 + NH3) in the
interstitium creates an NHm concentration gradient across the
medullary collecting duct epithelium which drives NH3 secre-
tion. Consequently, changes in ammonium absorption by thick
ascending limbs can result in altered ammonia secretion by the
medullary collecting ducts.
Altered transport in one segment can result in systemic
changes which in turn afJ?ct transport by other segments. A
recently discovered example is an interaction between outer
medullary and cortical collecting ducts with regards to acid—
base transport. Following mineralocorticoid administration,
acidification (bicarbonate absorption) increases in outer medul-
lary collecting ducts, as demonstrated by perfusion in vitro [22].
The opposite is true in cortical collecting ducts, which under the
same circumstances demonstrate increased al kalinization (bi-
carbonate secretion) [231. The explanation is that mineralo-
corticoids directly stimulate acidification of the tubule fluid in
outer medullary collecting ducts. Acid excretion increases,
which would result in systemic alkalosis if uncompensated. The
cortical collecting duct responds by increasing bicarbonate
secretion. The increased bicarbonate secretion in the cortical
collecting duct does not occur if enough acid is given with the
mincralocorticoid to prevent systemic alkalosis [23].
New developments and trends
The examples just given illustrate that the results from in
vitro perfusion generally do not directly explain what happens
in vivo. Tubules which exhibit linear behavior in vitro may
react remarkably nonlinearly in vivo because of the complexity
of their interactions with the other nephron segments. There-
fore, the integrated function of the entire kidney may have to be
taken into account to make realistic interpretations and predic-
tions. The complexity of the kidney is so great that it may
exceed our capacity for intuitive analysis. Then recourse to
large mathematical models may be useful. Such modelling has
already helped in understanding the renal concentrating mech-
anism [24—28] and could in principle be applied to other ques-
tions. We anticipate that increasingly ambitious mathematical
modelling will accompany the proliferation of information about
the various nephron segments and that the models will help
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better apply the new experimental information to understanding
the kidney function.
The scope of information that can be obtained by perfusion of
renal tubules in vitro is continually being expanded by the
addition of new analytical methods. Practical microfluorome-
ters [291 and microspectrophotometers [30, 311 are now avail-
able that make it possible to analyze nanoliter volumes of fluid
collected from perfused tubules for virtually all organic com-
pounds that might be of interest, as well as many inorganic
substances like chloride [321. This is resulting in simpler and
more accurate measurement of substances previously measured
by more complicated or expensive techniques, and in under-
standing of the renal transport of substances that previously
could not be measured. Light microscopic techniques have
been greatly improved in recent years. Living tubule cells can
now be examined in great detail with sufficient resolution to see
intracellular organdIes [33]. The size and shape of the cells can
be accurately measured, using differential interference micros-
copy and sophisticated computer—assisted analysis. From the
cell volume measurements the permeability and transport char-
acteristics of individual cell membranes can be determined [33].
Advanced fluorescence microscopy coupled with the availabil-
ity of remarkable new dyes is now making it possible to
measure pH and calcium concentration within the cells of
isolated living tubules.
We look forward to continued advance in knowledge of
kidney function by application of these advanced analytical and
interpretive methods to renal tubules perfused in vitro.
Reprint requests to MB. Burg, M.D., Building 10, Room 6N307,
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